The Y Z -tyrosine radical was trapped by freezing immediately after illumination in Ca 2 -depleted Photosystem II (PS II) membranes and the pH-dependent characteristics of the radical were investigated using CW-EPR and pulsed ENDOR. The spectrum of the Y 
Introduction
Photosynthetic water oxidation is carried out by an oxygen evolving center (OEC) composed of a tetra-nuclear Mn-cluster located at the lumenal side of Photosystem (PS) II protein complexes. Oxidized equivalents generated in the PS II reaction center by the successive absorption of four photons accumulate on the Mn-cluster and are used for water oxidation. A molecular oxygen is produced by reactions with ¢ve kinetically characterized intermediate states labeled S i (i = 0^4), where S 1 is thermally stable in the dark. By absorbing each photon, the S 1 state advances stepwise to reach the highest oxidation state, S 4 , that decays spontaneously to the S 0 state with concurrent release of a molecular oxygen (reviewed in [1^3]). S-state transitions are accompanied by cyclic changes in the oxidation state of the Mncluster [4, 5] , although the valences of manganese ions in the respective S-states remain a matter of debate.
The oxidation of the Mn-cluster by an oxidized reaction center of PS II ( , and the Y c Z radical is quickly reduced by delivery of an electron from the Mn-cluster. The radical is, however, rather stable in the absence of the Mn-cluster and reveals a typical EPR signal called Signal II f (reviewed in [1, 3] splitting with an intensity ratio of about 1:3:3:1 which arises from coupling with one of the L-methylene protons and two equivalent C 3Y5 -ring protons except for a slight di¡erence attributable to the di¡erence in the dihedral angle of the L-methylene proton [6, 7] . ESEEM results imply that a neutral tyrosine radical is responsible for Signal II s [8] . On the basis of the similarity in the lineshape between the Signal II f and Signal II s , Y c Z has been considered to be a neutral radical also [6^9] .
We reported that the EPR and pulsed-ENDOR spectra of Y c Z in Mn-depleted PS II membranes change in a pH-dependent manner [10] . Above pH 6.5, the spectrum of the Y c Z radical is quite similar to that of the Y c D radical that is assigned as neutral in consistent with previously reported results [6^8]. The spectrum is, however, distinct from the Y c D spectrum below pH 6.0, and can be reasonably simulated by assuming a cation-like distribution of spin density on a tyrosine molecule. These results are thought to indicate that the oxidized Y Z exists as a neutral radical above pH 6.5 but as a cation-like radical below pH 6.0 in Mn-depleted PS II. The Y Z tyrosine may function not only as a simple electron mediator between P680 and the Mn-cluster but also as part of the water oxidation machinery, in which the protonation and deprotonation of Y Z directly contribute to the proton abstraction from water molecules. Therefore, it is important to de¢ne whether or not Y Z is oxidized to a cation-like radical in the presence of the Mn-cluster.
In oxygen-evolving PS II, photogenerated Y c Z is detectable at room temperature only by time-resolved spectroscopy, which may not generate a su¤-ciently high quality of spectrum. The Y c Z radical, however, can be trapped by rapid freezing after illumination at about 253 K in Ca 2 -depleted PS II that preserves the Mn-cluster [11] . In this paper, we describe the e¡ect of pH on EPR and pulsed ENDOR signals of the Y c Z radical trapped in Ca 2 -depleted PS II. The spectrum of the trapped radical changed in a manner that was pH-dependent and similar to that found in Mn-depleted PS II. The results indicated that the Y Z is oxidized to a cation-like radical even in the presence of the Mn-cluster.
Materials and methods
Oxygen-evolving PS II membranes were prepared from spinach as described [12] with modi¢cations [13] . For Ca 2 -depletion, the membranes were washed twice with a medium containing 400 mM sucrose, 20 mM NaCl and 0.1 mM MES/NaOH (pH 6.5), then suspended in the same medium. The membranes were then suspended in a medium containing 400 mM sucrose, 20 mM NaCl, 10 mM citric acid/NaOH (pH 3.0) at 0³C for 5 min, then 10% volume of a solution containing 400 mM sucrose, 20 mM NaCl and 500 mM MOPS/NaOH (pH 7.5) was added to adjust the ¢nal pH to about 6.5, as described [14] . The treated membranes were washed and resuspended in a bu¡er medium containing 400 mM sucrose, 20 mM NaCl and 20 mM MES/ NaOH (pH 5.5^7.0). All manipulations proceeded in the dark or under a dim green light to maintain the OEC in the S 1 state unless otherwise noted. Aliquots of the Ca 2 -depleted membrane samples (0.5 mgChl/ ml) were illuminated at 0³C for 1 min followed by dark-adaptation at 0³C for 30 min to prepare the OEC in the dark-stable S 2 state [15] . DCMU (50 WM, 10 mM dimethyl sulfoxide solution as stock) was added to the S 1 and S 2 states sample membranes to ensure a single turnover. For Mn-depletion, the membranes were incubated with 800 mM Tris (pH 8.0) under room light at 0³C for 30 min [16] .
Membrane samples were collected by centrifugation at 35 000Ug for 20 min, transferred to Suprasil quartz tubes with a 4-mm inner diameter, purged by Ar gas and stored in liquid N 2 in sealed tubes. The ¢nal chlorophyll concentration was approximately 20 mgChl/ml. EPR samples were illuminated with a 500 W tungsten-halogen lamp through 8 cm path length of water for 15 s and 5 s at 253 K in the S 1 state Ca 2 -depleted and Mn-depleted PS II membranes, respectively. The Y c Z radical was trapped by immersing the sample into liquid N 2 immediately after illumination. After measuring the spectrum of the illuminated membranes, the samples were darkadapted for 30 min at 0³C for complete decay of the Y c Z radical. The Y c Z spectrum was obtained by subtracting the dark-adapted spectrum from the illuminated spectrum. Alternatively, the sample membranes in the dark-stable S 2 state were illuminated for 60 s at 0³C to produce a gW2 doublet signal followed by rapid freezing in liquid N 2 . The characteristic L-methylene proton ENDOR signal of Y c D served as the internal standard to normalize the intensity of the pulsed ENDOR spectrum [10] .
Electron spin echo experiments were performed on Bruker ESP-380 pulsed EPR spectrometer equipped with a cylindrical dielectric cavity (ER4117DHQ-H, Bruker) and a gas £ow temperature control system (CF935, Oxford Instruments). Microwave (m.w.) pulses of 16 and 32 ns duration for Z/2-Z pulses were used for 2-pulse (primary) ESE sequence. Field-swept ESE spectra were measured by 2-pulse sequence with a time interval d of 200 ns between the m.w. pulses. Pulsed ENDOR measurements used the sequence of m.w. and radiofrequency (rf) pulses introduced by Davies [17] . The durations of the m.w. pulses were 96, 48 and 96 ns. The separation between the ¢rst and the second m.w. pulses was 8 Ws and that between the second and the third m.w. pulses was 200 ns. The 6-Ws rf pulse was ampli¢ed using a 500 W ampli¢er (ENI 500A), and applied between the ¢rst and the second m.w. pulses. The external magnetic ¢eld was ¢xed at the peaks of the Y CW-EPR spectra were measured by JEOL JES-FE1XG X-band EPR spectrometer. A ¢nger-type Dewar was used for measurements at 77 K. Fig . 2 shows the X-band CW-EPR spectra ( Fig.  2A) and pulsed ENDOR spectra ( The CW-EPR and pulsed ENDOR spectra of the trapped Y c Z radical in Ca 2 -depleted PS II membranes were quite di¡erent from those of a typical Y c Z spectrum measured at pH 7.0 in Mn-depleted PS II membranes. At a glance, one may presume that di¡erence is attributable to the formation of the signals of Chl and/or Car radicals. Fig. 3 shows the X-band CW-EPR spectra (Fig. 3A) and pulsed EN-DOR spectra (Fig. 3B) 
Results

Fig. 3. CW-EPR (A) and pulsed ENDOR (B) spectra in Ca
2 -depleted PS II membranes at pH 5.5. The membranes were illuminated for 10 min at 77 K (a) and dark-adapted for 30 min at 0³C (b). Illumination minus dark-adaptation (a minus b) difference spectrum (c). Potassium ferricyanide (1 mM) was added to sample suspension before illuminating Ca 2 -depleted membranes. CW-EPR and pulsed ENDOR conditions are described in the legend to Fig. 1 .
Fig. 2. CW-EPR (A) and pulsed ENDOR (B) spectra in Ca
2 -depleted PS II (a^c) and in Mn-depleted PS II membranes (d) at pH 5.5. Ca 2 -depleted membranes were frozen rapidly after illumination for 15 s at 253 K (a) and dark-adapted for 30 min at 0³C (b). Mn-depleted membranes were illuminated for 5 s at 253 K, then dark-adapted for 30 min at 0³C. Illumination minus dark-adaptation di¡erence spectra (c, d). DCMU (50 WM) was added to sample suspension before illuminating Ca 2 -depleted membranes. CW-EPR and pulsed ENDOR conditions are described in the legend to 
Discussion
The present results demonstrated that the Y c Z radical trapped at pH 7.0 has considerably di¡erent CW-EPR and pulsed ENDOR spectra between Ca 2 -depleted and Mn-depleted PS II, but has quite similar CW and ENDOR spectra in both Ca 2 -depleted and Mn-depleted PS II membranes at pH 5.5. Consequently, the spectral features of the Y c Z radical trapped at pH 7.0 in Ca 2 -depleted PS II resembled Fig. 4 . Field-swept ESE (A) and pulsed ENDOR (B) spectra in Ca 2 -depleted PS II membranes at pH 5.5. Sample membranes were illuminated at 0³C for 1 min followed by dark-adaptation at 0³C for 30 min to form the dark-stable S 2 -state. The preilluminated membranes (1) were frozen rapidly after illumination for 60 s at 0³C (2, d), or after illumination for 15 s at 253 K (a) followed by dark-adaptation for 30 min at 0³C (b). Illumination minus dark-adaptation (a minus b) di¡erence spectrum (c). DCMU (50 WM) was added to sample suspension after preilluminating Ca 2 -depleted PS II membranes. ESE conditions; d = 200 ns; pulse repetition rate, 1 kHz. Pulsed ENDOR spectrum for doublet signal obtained at the 75 G up¢eld position from the center of the tyrosine radical. Doublet and Y c Z spectra were observed at 6 K and 30 K, respectively. 6 those trapped in Mn-depleted PS II at pH 5.5. In Mn-depleted PS II, a decrease in the spin densities of the phenol-ring carbons C 3Y5 of tyrosine radical associated with a decrease in pH accounts for the EPR spectra changing from a neutral-pH (pH 7.0) to a low-pH form (pH 5.5) [10] . The similarity of the EPR and ENDOR spectra of the Y 2 -depletion process may cause the neutral-pH form spectrum. Uncertainty as to the population of the PS II center damaged in the Ca 2 -depleted membranes and limited quanti¢cation of the EPR data preclude more detailed analysis. Therefore, which of these explanations is correct, cannot yet be determined.
The assumption that a neutral radical of tyrosine is responsible for the neutral-pH form Y c Z is rational since the spectrum of the neutral-pH form is quite similar to that of the Y c D radical that is assigned as being neutral radical [10,18^20] . The ENDOR spectrum of the low-pH form Y c Z radical has been accounted by the decreasing spin density on the ring carbon C 3 and C 5 to the value typical of the cation radical of tyrosine [10] . The direct formation of the cationic tyrosine radical is, however, unlikely without some abnormal microenvironment around the Y Z tyrosine since the reported pK a for deprotonation of the OH group in the oxidized phenols is generally the order of 32 [27] . Another interpretation is that Y Z tyrosine is oxidized as a neutral radical but the spin densities on C 3 and C 5 are varied by something such as an electrostatic e¡ect of positive charges localized in a close vicinity of Y Z tyrosine. In either situation, an amino acid residue with a pK a value at neutral pH are required to mediate the e¡ect of ambient pH to the vicinity of Y Z tyrosine. His 190, which is supposed to be pK a value of 7, is proposed to locate close proximity to the Y Z tyrosine [26, 28, 29] . His 190, therefore, is a good candidate for the putative residue to in£uence the pH dependence of the Y c Z radical formation. In Ca 2 -depleted PS II, the Mn-cluster is oxidized at least up to the S 2 state. Therefore, the Y c Z radical in the low-pH form may be implicated in the electron transfer event between P680 and the Mn-cluster, at Mn-depleted CW-EPR spectra at pH 5.5 and pH 7.0 were summed in one-to-one ratio in terms of their integrated intensity, and the resulting spectrum was compared with the Ca 2 -depleted spectrum after normalization (panel A). The Mn-depleted pulsed ENDOR spectra at pH 5.5 and 7.0 were summed in one-to-one ratio in terms of integrated intensity of the matrix region (b), and the resulting spectrum was compared with the Ca 2 -depleted spectrum after normalization (a) (panel B).
